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Introduction
Tidal current energy is clean, renewable and predictable. Tidal currents are created by the changing gravitational pull of the Moon and the Sun on the Earth's oceans. Depending on the location on Earth, tides occur approximately every 24 hours and 50 minutes (Diurnal), every 12 hours and 25 minutes (Semi-Diurnal) or can be mixed. The predictability of tidal current energy is a major advantage for integrating power to the grid compared to the intermittent wind energy or the weather dependant solar energy. However, short-term power fluctuations in a tidal current conversion system (TCCS) occur due to turbulence and swell waves. These short-term power fluctuations can be regulated using electrical energy storage (EES) [1] to increase grid stability (voltage and frequency) and keep harmonics injected to the grid as low as possible. This is important because tidal current resource is usually exploitable close to rural coastal areas where the electricity network is weak. In this paper, research will focus on the effect of installing supercapacitors (SCs) in a TCCS in order to improve grid side harmonics and keep DC link voltage within allowable limits.
The technically available tidal current energy resource in the United Kingdom can supply up to 11.3% of the UK electricity demand based on 2016 statistics [2, 3] .The tidal currents move slowly relative to typical wind currents but possess very high energy density. As a result of the high energy density, TCCSs are subjected to large forces. Despite the large forces exerted on the tidal current turbines, TCCSs are expected to extract the maximum from the available energy and operate reliably under the harsh underwater conditions. In this paper, the research presents that by controlling the generator speed with larger variations it is possible to reduce extreme and fatigue torque loadings on the tidal current turbines. Combining this with the SCs at the TCCS it is possible to achieve both reduced torque loadings and higher quality electrical power at the grid side.
Research on energy storage in tidal current systems
ESS usage in tidal current systems depends mainly on the duration of the effect that the storage will be used. In [4] authors present an overview of current developments in EES technologies and their potential applications and effects on power system operation. Similar research is presented in [1] where the different storage techniques are separated into four categories with a performance index.
• Low power applications in isolated areas (Lead-acid batteries, flow batteries and lithiumion batteries).
• Medium power off-grid systems (Lead-acid batteries, flow batteries, nickel-cadmium batteries and lithium-ion batteries).
• Network connection applications (SCs, compressed air, lithium-ion batteries).
• Power quality control applications (SCs, flywheels and compressed air).
A more specific review on EES in tidal systems is presented in [5] . Researchers in [5] categorise the tidal fluctuations and test different EES in order to smooth variability of electrical power injected to the grid. The EES options discussed include lead-acid batteries, nickel-based batteries, lithium-ion batteries, sodium-sulphur batteries, flow batteries, flywheel technologies and SC technologies. They conclude that for long-term power smoothing in tidal current systems nickelbased batteries are a good solution. Regarding compensating power fluctuations for the short-term flywheel and SCs are the optimum candidates. In [6] researchers use a SC connected at the DC link in order to compensate for the swell effect. They show that with the use of a SC and a DC/DC converter the short term variations of the grid side current can be minimised. Other research in ESS in tidal systems has focused on the use of compressed air energy storage (CAES) for island systems [7, 8] and flow batteries for power management [9] as well as dynamic stability using flywheel energy storage in an offshore wind and tidal system [10] .
Apart from the research that directly focuses on tidal current systems, significant research on energy storage is being carried out that can be easily integrated in a TCCS. The CAES is a technology with high economic feasibility, flexible power ratings and proven technology.
Research has focused on the integration of CAES in renewable energy systems [11, 12] and in the development of underwater CAES [12, 13] which can have increased energy storage capabilities.
Research on underwater storage is gaining attention and can be easily integrated in a TCCS which is also underwater. Several other concepts for underwater storage also appear with buoyant energy storage to be integrated to large renewable energy generation systems [14, 15] for power balancing and offshore pump storage to store large amount of energy at the sea.
Research on forces and moments in tidal current devices
Significant research has been carried out in order to understand loadings and bending moments during normal and extreme conditions. Some studies have focused on the nature of the tidal current flow due to phenomena such as shear flow, turbulence and waves which generate unstable forces and moments on the device [16] [17] [18] [19] [20] . Researchers have focused on minimising the unbalanced forces and moments as well as trying to avoid extreme cases.
The most common way to limit peak loads is to limit the power output of the turbine by using pitch control, stall regulation or over-speeding. In [21] authors analysed the performance of pitch and stall regulated turbines. They concluded that pitching to feather the blade regulated power output and generated lower bending moments compared to stalling the blade. Authors in [22] also compare pitching the blades of a marine hydrokinetic turbine to passively stalling the blades or designing a blade to have lower loads. They concluded that blades can be designed to have reduced bending moments but will also extract less power from the tidal currents. Over-speeding the turbine is another method to limit power input to the turbine. In [23] researchers analyse thoroughly the over-speeding method in a tidal current turbine and modify blade design accordingly. Finally, a novel method to reduce torque variations and peak torque on the turbine shaft was presented in [24] . This method uses the generator side converter to vary the generator speed in order to achieve a smoother torque input to the turbine. The torque pulsation mitigation strategy with which the system in this paper will be tested is based on the one presented in [24] . The need to vary the generator speed to reduce the mechanical torque variations on the turbine generates variations on the electrical side. These become more visible at the DC link and electrical power generated. It is suggested that these fast short-term variations of electrical power can be smoothed using a SC at the DC link.
Paper aim and structure
The aim of this paper is to present a full resource-to-grid dynamic model of a single tidal current turbine with a supercapacitor module (SCM) connected at the DC link. The tidal system model will be controlled using the novel strategy presented in [24] and the benefits of using the SCM at the DC link will be investigated. In Section 2 the modelling of the resource-to-grid system is presented including the tidal current resource input, tidal current turbine design, the different control strategies implemented and the SCM with the associated control strategy and design. In Section 3 results from the simulations of the model are presented showing and comparing the differences between a tidal system that uses the SCM and one without. Results are separated depending on the controller aim to mitigating sudden flow changes only or reducing fatigue torque.
In addition, the use of a SCM in a tidal array concept connected to weaker, more isolated grid networks is studied. Finally, the discussion shows the potential use of this concept in a wider scope and conclusions are drawn regarding the use of the SCM at the DC link.
Methodology
The block diagram of the tidal current system developed in MATLAB/Simulink is depicted in Figure 1 . Each part of the tidal current conversion system shown in Figure 1 will be explained in the sections below. Section 2.1 discusses the tidal current input, section 2.2 the tidal turbine design, modelling and the pitch controller, section 2.3 briefly gives the permanent magnet synchronous generator (PMSG) parameters and explains the zero d-axis current controller with space vector modulation (ZDC SVM) and section 2.4 discusses the maximum power point tracking (MPPT) process and how the PMSG can track the ωopt Gen using the speed controller. Moreover, in section 2.5 details regarding the torque pulsation mitigation methods are given, in section 2.6 the Supercapacitor module and its control are explained and finally in section 2.7 the voltage oriented control (VOC)
for the grid side converter is analysed.
The tidal current
The Field measurement techniques and subsequent data processing are discussed more fully in [28, 29] . The tidal current velocity measurements presented in Figure 2 are acquired in real-time from a region approximately 13 m upstream of the TEC rotor plane. Knowledge of the ambient flow velocity, acquired at an equivalent of several seconds before it reaches the rotor plane, is a required input control signal in order to mitigate pulsations using the generator side controller. In addition, high resolution velocimetry is important to identify realistic changes in the tidal current speed which affects the operation of the torque pulsation mitigation strategy and the response time of the SCM. Finally, the real-time availability of measurements is crucial for the operation of the system.
The power input to the tidal current turbine is related to the data of Figure 2 based on (1). 
Where ρwater is the sea water density in kg/m 3 , A is the sweep area in m 2 and V is the fluid speed in m/s. Figure 3 
The tidal current turbine
The tidal turbine model converts the power input from the tidal current to mechanical power for the generator rotor. Equation (2) describes the mechanical power of the turbine from the tidal current velocity. The output of the tidal current turbine is mechanical torque, Tmec, which is used as input to the generator after the gearbox ratio is considered.
Where ωr is the rotational speed of the tidal current turbine in rad/s, ρwater is the sea water density in kg/m 3 , A is the sweep area in m 2 , V is the fluid speed in m/s and Cp(λ,β) is the power coefficient of the blades which is a function of the tip speed ratio, λ, and blade pitch angle, β, in degrees. The tips speed ratio is given in (4) where R is the turbine rotor radius.
The tidal current turbine used in this paper is a hypothetical three-bladed horizontal-axis 1.5MW
turbine. The numerical tool of Harp_Opt [30] was used which combines blade element momentum theory with a genetic algorithm to generate a structurally optimised blade design. From the outputs of Harp_Opt the Cp curve of the turbine as well as turbine inertia and gearbox ratio were calculated.
The tidal current turbine specifications used are given in Table 1 The power coefficient, Cp(λ,β), was approximated using an analytic function described in [31] .
This analytic function is given in (5) and (6) and the chosen values for the tidal turbine are shown in Table 2 . 
The pitch control
Power limitation in high tidal current speeds is achieved by using pitch angle control. This corresponds to changing the pitch value, β, such that the leading edge of the blade is moved into the flow increasing the angle of attack and thus inducing a blade feathering effect. When tidal current speed is below or at the rated value of the turbine, pitch angle, β, is kept constant. For reference this is chosen to be the 0 degrees. The control structure of the pitching system developed is shown in Figure 5 . The measured generator rotational speed ωmec Gen is compared with the desirable rated generator rotational speed, ωrated Gen , and the error is used as input to a ProportionalIntegral (PI) controller. The PI controller output is the desirable pitch angle input, βref, which is constrained due to the dynamics of the actuator, maximum speed of the blade pitching system and maximum blade pitch angle. After the constraints have been considered, the actual blade pitch angle, β, is used as input to the tidal current turbine. The pitching mechanism limits the generator power output to rated by reducing Cp in (2) and so reducing the mechanical power captured. 
The generator
The generator modelled is a hypothetical non-salient pole PMSG with the specifications of Table   3 . 
The generator controller
The generator controller is described in [32] and is based on zero d-axis current control with space vector modulation (ZDC SVM). The ZDC SVM control method for non-salient pole PMSG is based on the linear relationship between the stator current magnitude, is, and the electromagnetic torque, Te when the d-axis stator current of the generator is kept zero and the flux, λr, is kept constant. The block diagram of the ZDC SVM controller can be seen in Figure 6 . 
Maximum power point tracking
Maximum power point tracking (MPPT) has one major aim: to control the tidal turbine's Tip Speed
Ratio λ in order to achieve the highest possible hydrodynamic coefficient Cp. MPPT is responsible for the efficient operation of the tidal current system at tidal current speeds below 2.5m/s, which is the base tidal flow speed. In order to achieve the efficient operation, first the operating points where maximum Cp is achieved must be identified. These operating point form the maximum power point curve. After creating the maximum power point curve the speed and torque of the generator have to be controlled in order to achieve these optimised operating points. This is achieved by the speed controller.
Maximum power point curve
The maximum power point curve identifies all the operating points with maximum Cp. The maximum power point curve modelled in this paper is based on equation (8) where k is a constant equal to 1.3193. The generator mechanical torque, 5 can be either available as a direct measurement from a torque transducer or can be estimated using equation (7). 
Speed controller
The speed controller is responsible for comparing the optimum generator speed, ωopt Gen , acquired by equation (8) Figure   6 . The block diagram of the speed controller is shown in Figure 7 . More details can be found in [24] . 
Torque pulsation mitigation strategy
The torque pulsation mitigation strategy used in this paper is based on the methodology presented in [24] . Pulsations are classified into:
1) Ultimate torque
2) Fatigue torque.
In [24] authors present results for both methods by modifying the coefficient k and therefore forcing the generator to follow a different reference speed, with the aim to reduce the ultimate torque value or the torque variations. The UTM control strategy's aim is to reduce the peak value of a torque pulsation. In order to achieve that the MPPT coefficient k discussed in Section 2.4.1 is reduced to a lower value so that
Cp is no longer maximum. By doing that the tidal current turbine will absorb less power from the tidal currents reducing the magnitude of the mechanical torque at the shaft. However, and as it can be seen from Figure 2 tidal current velocities can change suddenly making it impossible for the turbine to change its speed after the sudden flow increase has reached the turbine. For that reason it is essential to identify the incoming flow pulse in advance using a flow velocity sensor such as seabed or turbine mounted ADPs as discussed in Section 2.1. Velocimetry and the process to identify sudden increases in the tidal current speed are out of the scope of this paper but the concept relies on analysing data from the ADP online to identify a sudden tidal current velocity increase.
By identifying a sudden velocity increase the appropriate flow pulse identification signal (ON or OFF) can be provided to enable the UTM control strategy. Therefore it is evident that the UTM method only operates for a specific amount of time depending on the time the sudden tidal current velocity increase lasts. This can vary between 5 and 10 seconds based on the actually measured data presented in Section 2.1. The FTM control strategy, which is presented in Figure 8b , aims to reduce both the peaks and troughs of the mechanical torque input Tmec. This is achieved by modifying the MPPT coefficient k to lower and higher values depending on the difference between Tmec and Tmec*. When Tmec > Tmec* the generator over-speeds to reduce Cp while when Tmec < Tmec* the generator under-speeds and puts the tidal current system in a state of regenerative braking. This operation is constrained so that the system remains stable. The FTM method is designed so that it can replace the MPPT strategies that are currently used for normal operation and increase the lifetime of components due to lower torque loading. This means that the FTM method can operate during the whole tidal cycle. The UTM and FTM methods can also be combined to operate is the same system, however this is not demonstrated in this paper and results are presented individually in Section 3.
The torque pulsation mitigation strategies presented in Figure 8 require to change the optimum generator speed in order to change the mechanical torque input. This leads to increased variations of the generator speed which affects the quality of the power generated. The quality of power is assessed based on the planning levels for harmonic voltage distortion from the Engineering Recommendation G5/4-1 [33] which are in line with the international standard IEC 61000-3-6. In this paper the use of SCs is studied in order to increase the power quality of the power generated from these control methods.
The supercapacitor module design and control
The supercapacitor module (SCM) is connected to the DC link using a bi-directional DC/DC Cuk converter [34] . The bidirectional DC/DC Ćuk converter can be implemented by cascading the boost converter and the buck converter similarly to a buck-boost converter. The Ćuk converter however, is composed from an input inductor L1, an energy transfer capacitor C1, a filter inductor Despite the fact that, as it will be presented in Section 2.7, the DC link voltage is controlled through the grid side converter, the voltage-mode control of the bidirectional DC/DC Ćuk converter is preferred because:
• The input and output variations are wide and, as is shown in Section 3, increase further due to the operation of the torque pulsation mitigation control strategy.
• The operation of the system is kept stable even at reduced input. Low input results will not be shown in this study but the tidal current conversion system presented in this paper was developed as tool which can predict the operation of a resource-to-grid system for the complete tidal cycle.
• Because of the high power application and the fluctuating current input, current-mode control would require large time delays for filtering which could lead to a slow response system. The SC voltage is chosen to be 750V and this is possible by adding six in series BMOD0063 P125 B08 SC modules from Maxwell Technologies [36] . The SC voltage requires to be high enough in order to avoid saturating the controller of the Ćuk converter. From the total energy stored in the SCM only 20% of that is useable in this application because a ±10% of voltage variation is allowed.
The parameters of the SCM are presented in Table 4 . 
The grid side modelling and control
The power generated by the TCCS is delivered to the grid through a voltage-source converter (VSC). The grid-tied inverter is connected to the grid through a number of components; a line reactor to reduce line current distortion, a filter that reduces harmonics and a step-up transformer from 690V to 11kV (Figure 10 ). The tuning process for the VOC control loops was based on [37] 
Results
The MATLAB/Simulink model of Figure 1 was simulated under different conditions in order to determine the benefits of using the SCM at the DC link. The first set of simulations explore the effects of sudden flow changes and the usage of UTM to reduce peak torque. The second set of simulations explore the fatigue torque variations and the operation of FTM to reduce torque variations. Finally, the use of the SCM is assessed when used in a tidal array concept connected at stronger or weaker networks.
Sudden flow changes
The MATLAB/Simulink model of Figure 1 was simulated for 100 seconds under three different control strategies using the tidal current speed input presented in Figure 2 .
• The first is maximum power point operation (MPPO) which was described in Section 2.4
without a SCM at the DC link. • The second is UTM which was described in Section 2.5 and Figure 8a without a SCM at the DC link.
• The third is the UTM method when the SCM is installed at the DC link.
It has to be noted that for this set of simulations the TCCS is assumed to be connected to a strong grid with 50MVA 3-phase fault level. Figure 11 shows results from the operation of the TCCS under each control strategy. In the results presented in Figure 11 , the UTM control strategy operates only between 7360s and 7370s. The rest of the time all the systems operate at MPPO. This is due to the fact that the UTM method is activated only when the flow pulse identification signal is on as described in Section 2.5. When the flow pulse identification signal is off the TCCS operates by following the maximum power point curve described in Section 2.4 and is identical to the MPPO case. Observing Figure   11b it can be seen that by activating the UTM method the sudden torque increase due to the flow pulse is effectively smoothened compared to the MPPO case. UTM and UTM SCM have similar operation regarding the reduction of the generated torque during a sudden flow pulse. In order to achieve that however a sudden increase in the generator speed is required as shown in Figure 11a . (Figure 11c ) the DC link voltage appears to have some small voltage spikes at some instances due to the sudden flow changes. This means that the grid side controller described in Section 2.7 is transferring the power generated by the tidal turbine to the grid effectively. The active power exported to the grid by the TCCS for the MPPO case can also be observed in Figure 11d . The UTM case DC link voltage and active power exported to the grid are presented in Figure 11e and Figure 11f . The DC link voltage when the UTM is enabled, between 7360s and 7370s, is rippling up to ±5%. Even though this is within the allowable limits of a DC link voltage, a rippling voltage can affect the power and voltage quality at the grid side and reduce the lifetime of the electrical components at the DC link if it is occurring frequently.
The grid side power for the UTM case is presented in Figure 11f and has slightly higher variation of active power compared to the MPPO case but the difference is not significant. Figure 11g presented the operation of the UTM case when the SCM is connected at the DC link and controls the voltage. It is evident that the voltage variations are minimised in the UTM SCM case compared to the UTM case. The power exported to the grid is also affected with smaller variations appearing compared to the UTM case. This is due to the fact that the SCM aim is to decrease voltage fluctuations at the DC link which does not necessarily smoothens active power. Figure 12 shows the SCM operation for the UTM SCM case. It can be observed that the SCM is operating when the UTM is enabled between 7360s and 7370s. At these timings the contributing current which goes up to 150A at an instance provides the necessary power to keep the DC link voltage constant and the power output within acceptable limits. The state of charge of the capacitor is not affected significantly from these variations due to the fact that the SCM was sized for high power flows as discussed in Section 2.6. Table 5 summarises results from the operation of the TCCS for the cases presented regarding averaged active power generated, averaged active power exported, voltage total harmonic distortion (VTHD) and peak voltage harmonics at the grid side. Based on the results from Table 5 it can be concluded that when using the MPPO control strategy maximum power is captured by the turbine and maximum power is injected to the grid. However, the differences compared to UTM and UTM SCM are small with the UTM SCM achieving higher power generation and injection compared to UTM. Regarding grid side harmonics, in all cases the SCM current (A)
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grid voltage harmonics are within the allowable planning limit of 4% for the case studied in this paper. The VTHD measurements from the simulation model are of very high accuracy. According to ER G5/4-1 the Class A power quality monitor has a minimum defined accuracy of 0.1%. A higher accuracy has been used in this study to comply with the recommendations. In addition, a 100s characteristic was measured and the 95 th percentile value from the cumulative probability function was used, as recommended in ER G5/4-1, in order to calculate the Margin of Error (MoE).
Since all the simulations had the same sampling points and critical value the margin of error was dependent on the standard deviation of the sample. Based on the results presented in Table 5 the standard deviation of the VTHD measurements for the UTM case was higher compared to the other two cases. Using a SCM at the DC link of the TCCS reduces VTHDmax compared to the UTM case without SCM. The VTHDmax appears at the point where the flow is increasing suddenly (7360s -7365s) and the DC link voltage ripples". Reducing the grid side harmonics also has a benefit on the total losses of the TCCS. The distribution of harmonics in each case is displayed in Figure 13 at the 7360s when the UTM method is enabled. Figure 13a shows the first 100 harmonic orders where the harmonics generated by the grid side VSC are visible around the 50 th (2500Hz) and 100 th (5000Hz) order. This is due to the fact that the UTM method requests larger variations of the generator speed.
Voltage harmonics are transferred at multiples of the generator speed operating frequency.
Comparing MPPO an UTM SCM cases it can be seen that at the low order harmonics, MPPO has minimum magnitudes whereas even with the use of the SCM the low order harmonics are quite increased. On the other hand, it is evident that the use of a SCM can slightly decrease the increased low order harmonics generated by the UTM method.
In Section 1.2 it was stated that the most common way to reduce peak loads is to pitch the blades of the turbine. A variation of the UTM strategy can be developed so that instead of controlling the generator speed to limit the ultimate torque, the blade pitching system is used (UTM Pitch). Figure   14 compares the mechanical torque on the generator shaft for three different control strategies. Observing Figure 14 it can be said that UTM Pitch can reduce the peak torque effectively though UTM SCM produces a smoother torque output. The advantage of using the UTM Pitch is the less electrical power variations created compared to the UTM methods. As it was presented in Figure   11 the UTM and UTM SCM methods generate significant electrical power variations in order to reduce the ultimate torque. These variations have an adverse effect on the DC link voltage of the TCCS and the grid side harmonics which can affect the compliance of the TCCS for grid connection. The SCM was introduced in order to minimise the adverse effects of the fluctuating electrical power. The UTM Pitch method however does not use the generator speed to control the torque but rather the pitch angle of the blades to reduce incoming torque input to the turbine from the tidal current flow. Therefore, UTM Pitch does not affect the DC link voltage or the grid side harmonics and the results are similar to those presented for the MPPO case. Reducing the torque input from the tidal current flow though has an adverse effect on total power input to the turbine.
This can be seen by comparing the average power generated for the cases presented in Figure 14 .
The average power generated in the MPPO case is 1.0236MW, for the UTM Pitch case 1.0185MW
and for the UTM SCM case 1.0223MW. Therefore using UTM Pitch 0.5% less power is produced compared to the MPPO case. In a full tidal cycle this can be significant depending on how frequent the use of the UTM method will be.
Apart from less torque smoothing and reduced power output of the UTM Pitch method compared to the UTM SCM method, using the pitch system it is not possible to reduce torque variation but only reduce sudden torque increases. As described in Section 2.2.1 increasing the blade pitch angle reduces the hydrodynamic coefficient Cp of the turbine limiting the amount of power captured from the tidal current speed. However, reducing torque variations continuously requires not only to decrease torque peaks due to sudden tidal current speed ridges but increase mechanical torque troughs when tidal current speed is decreasing. Reducing the variation of torque continuously, both peaks and troughs, can be achieved by controlling the generator speed and is presented in the next section.
Fatigue torque variations
The MATLAB/Simulink model of Figure 1 was simulated for 200 seconds under three cases.
• The first is the MPPO as described in Section 2.4 and presented in Section 3.1 for sudden changes in the flow speed.
• The second is the FTM control strategy described in Section 2.5 and shown in Figure 8b without a SCM at the DC link.
• The third case is the FTM control strategy with the SCM installed at the DC link. Figure 15 shows results from the operation of the TCCS under the three cases described above. Figure 15e . In order to ensure reliable operation these voltage spikes need to be lessened. In addition, it is beneficial for the DC link components and the power quality exported to the grid to reduce them. This is achieved by installing the SCM at the DC link which will control the higher voltage variations. Figure 15g connecting a SCM also affects grid compliance, power injection to the grid and power generation. Table 6 summarises these results acquired by the simulations. The distribution of harmonics for the FTM and FTM SCM cases are similar to the ones presented in Figure 13 . The FTM control strategy increases low order harmonics at multiples of the operating frequency which are reduced with the installation of the SCM. Harmonics around the switching frequency of the grid side converter are kept within the planning limits. 
Grid strength and tidal arrays
In sections 3.1 and 3.2 the grid is considered "strong" with 3-phase fault levels of 50MVA. With rated injected power of 1.5MW per TCCS this leads to a ratio of 33.33. In Table 7 results are presented regarding the VTHD when the TCCS using the control strategies mentioned above are connected to a weaker grid with 3-phase fault level of 30MVA. A small increase in the VTHDaverage can be observed when the TCCS is connected at a weaker grid.
In the MPPO case this also leads a small increase of 0.1% in the VTHDmax. When a torque mitigation control strategy is used the VTHDmax is significantly increased in a weaker grid. For the UTM case the VTHDmax is increased from 1.54% to 2.87% and for the FTM case from 1.75% to 2.16%. The use of the SCM has a positive effect at reducing the voltage harmonic levels from 2.16% to 1.96% for the FTM case and from 2.87% to 2.43% for the UTM case. Figure 18 presents the distribution of harmonics for different cases when the 3-phase fault level is 30MVA. Observing the distribution of harmonics it is evident that a weaker grid is affected more by the low order harmonics generated by the torque mitigation control strategy. Figure 18a shows the first 100 harmonic orders and their limits based on the engineering recommendations. All harmonics are within the limits including the lower order harmonics and the switching frequency harmonics around the 50 th harmonic. The addition of a SCM reduces the increased harmonic distortion generated by the UTM method to lower values. This is one of the potential uses of supercapacitors in TCCS for improving grid integration.
TCCSs will form tidal arrays in future projects. If all the TCCS in the array use the torque pulsation mitigation strategies grid compliance will be a main issue for their operation. Table 8 presents results when one, four and sixteen TCCS are connected to the same point of common coupling for 50MVA and 30MVA 3-phase fault level grid. Based on the results presented in Table 8 two observations can be made concerning all the cases.
Increasing the number of TCCS in the array does not affect VTHDaverage and slightly reduces VTHDmax. For example at 30MVA, the FTM SCM case has 1.96% VTHDmax for one TCCS, 1.92%
for four devices and 1.86% for sixteen devices. These changes are small however and only a very accurate sensor will be able to detect them. In all the cases presented in Table 8 , the systems are operating within the allowable limits for all harmonic orders. This is also true for the FTM case which has the highest THD measurements compared to MPPO and FTM SCM cases. The addition of a SCM improves the compatibility of the system but it is not necessary for the integration of a TCCS with FTM control strategy to the grid.
Discussion
The research of mitigating torque pulsation can change the way TCCSs are controlled which affects active power generation. As it was shown in this paper, reducing torque pulsations can lead to higher variability of power generated and power exported to the grid, voltage spikes at the DC link and increased harmonics of the grid side voltage. The variability of electrical power generated can be reduced by using electrical energy storage at the DC link of a TCCS. In this research paper SC are the preferred option due to the higher energy density than capacitors and higher power density than batteries. SC are particularly suited to applications that require energy pulses during short periods of time. Using commercially available SCs and a Ćuk converter a SCM is developed and modelled in order to be integrated at the DC link of the TCCS. A TCCS with a SCM can operate reliably with both UTM and FTM strategies presented in this paper. The benefits are multiple for a TCCS including reduced fatigue or peak loads due to the use of the torque pulsation mitigation strategy, improvement of power generation with the use of a SCM and reduced grid side voltage harmonics due to the SCM as well.
The variability of the generator power is also affected by tidal current speed turbulence and swell waves. In order to capture that information high resolution flow speed data, acquired from TEC mounted flow sensors during the ReDAPT project, were used as input to the turbine controller.
Turbulence generates high frequency torque ripple which cannot be reduced by modifying the generator speed. There are limits imposed on the TCCS regarding the maximum acceleration and deceleration of the generator speed. As it was shown in Figure 7 a rate limiter at the speed controller ensures that the electrical torque of the generator does not change at a higher than the maximum rate. Using the FTM method the torque variations are significantly reduced with a small reduction in power generation. The reduction in power generation is minimised with the use of a SCM at the DC link of the TCCS. The torque variations due to the waves have a period of around 10 seconds which makes it possible for the controller to modify the generator speed and reduce pulsations.
Reducing torque pulsations from sudden flow speed changes or reducing the fatigue torque continuously is a choice that depends on the specific requirements of the installed TCCS. Both cases however are benefited from the use of a SCM at the DC link. As it was shown in Figure 11 the UTM method generates voltage ripples at the DC link for 6 seconds which is the total time that the UTM method is enabled. These voltage ripples are within the limits but generate harmonics at the grid side and may reduce the lifetime of components at DC link. On the other hand, the FTM method produces sudden voltage spikes of higher value compared to the UTM method which increases the VTHDmax. The SCM can be used to eliminate voltage spikes in both cases and ensure efficient and reliable operation of the TCCS.
Conclusions
In this paper a full resource-to-wire model of a TCCS is presented. Using this model in conjunction with realistic flow inputs and a novel control strategy that aims to reduce mechanical torque pulsations, the authors investigate the potential benefits of using supercapacitors in TCCS with variable electrical power generation. Based on the results, installing a SCM with voltage mode control at the DC link of a TCCS can improve active power quality exported to the grid. The effect of a SCM at the DC link are visible when the TCCS is operated with a torque pulsation mitigation strategy. Apart from minimising voltage spikes at the DC link, a SCM can decrease voltage harmonics at the grid side and make a TCCS grid compliant even when connected to weaker grids despite the rapid active power variations. In addition, a SCM at the DC link of a TCCS can improve power generation. UTM SCM and FTM SCM cases had higher averaged power generated compared to UTM and FTM respectively. Finally, power aggregation of tidal arrays was studied and compared for TCCS that use the torque pulsation mitigation strategies and are connected to weaker grids. It is concluded that forming tidal arrays has a positive effect regarding VTHDaverage and VTHDmax.
